Platelet-derived growth factors are secreted by mesenchymal cells. The homodimer plateletderived growth factor-AA especially stimulates bone cells through interaction with the plateletderived growth factor-␣ receptor homodimer. In this study we wanted to determine the expression of the receptor and its ligand in human osteosarcomas and to correlate the expression of platelet-derived growth factor-AA and -␣ receptor with clinicopathological parameters. Fifty-seven osteosarcomas were immunohistochemically analyzed for expression of platelet-derived growth factor-AA and plateletderived growth factor-␣ receptor. Spearman's correlation coefficient revealed a strong correlation between the expression of platelet-derived growth factor-AA and platelet-derived growth factor-␣ receptor (r ‫؍‬ 0.867). No differences were observed relative to gender, age, tumor stage, tumor location, and response to neoadjuvant chemotherapy between high or low platelet-derived growth factor-AA and platelet-derived growth factor-␣ receptor expression. High platelet-derived growth factor-AA expression correlated with tumor progression in univariate analysis (P ‫؍‬ .0415; log-rank test), whereas platelet-derived growth factor-␣ receptor expression showed a trend toward a shorter disease-free survival, which failed to reach significance (P ‫؍‬ .0627, log-rank test). In multivariate analysis, platelet-derived growth factor-AA expression remained a significant independent predictor of tumor progression (P ‫؍‬ .021, Cox regression). Immunohistochemical analysis of platelet-derived growth factor-AA expression in osteosarcoma may be a useful marker of prognosis and may be considered as a possible target for novel therapeutic strategies.
Osteosarcoma, a frequent tumor of childhood and adolescence, represents the most common primary malignant bone tumor (1) . Despite aggressive treatment modalities such as adjuvant chemotherapy or wide tumor resection, the frequency of metastases, especially in the lung, is high, occurring in approximately 40 -50% of patients. Therefore, osteosarcoma remains a major cause of fatal outcome (2) .
Tumor metastasis is a multistep process that involves a variety of tumor cell-host interactions. One major step is neovascularization, a process in which angiogenic factors such as vascular endothelial growth factor (VEGF) are essential. Expression of VEGF is well documented in osteosarcoma (3, 4) , and its expression is positively influenced by the inducing agent platelet-derived growth factors (PDGFs; 5). These proteins exist of two different polypeptide chains, which can combine to form three different disulfide-linked dimers, AA, BB, or AB. Recently, PDGF-C and PDGF-D, two new PDGFs, were discovered; these form a separate PDGF subfamily (6) . They exert their biological function by binding to three different receptor dimers, two homodimers (␣␣, ␤␤), and one heterodimer (␣,␤; 7, 8) . Mesenchymal cells especially are the target of these growth factors.
The homodimer PDGF AA and its receptor are expressed by human osteoblasts, which has been documented in in vivo studies (9, 10) . In our previous study we have demonstrated the expression of the homodimer PDGF-AA and its receptor, PDGF-␣ receptor, in human osteosarcomas (11) . We documented an overexpression of PDGF-AA and PDGF-␣ receptor in osteosarcomas compared with the case in benign human osteoblastomas, and a strong correlation was detected between li-gand and receptor expression in osteosarcomas. Therefore, we concluded that an autocrine and/or paracrine loop may be responsible for growth stimulation via receptor-ligand interaction.
Because tumor growth is stimulated indirectly by PDGFs inducing angiogenesis as well as the direct receptor-ligand interaction in tumor cells, we investigated the expression of PDGF-AA and PDGF-␣ receptor in 57 human osteosarcomas and compared the results with clinicopathological data to elucidate the possible role of PDGF expression as a prognostic marker for osteosarcoma patients.
MATERIALS AND METHODS

Material
Fifty-seven patients with osteosarcoma of bone were selected from the files of the Department of Pathology at the Vienna General Hospital. All cases were reviewed to confirm the diagnosis, and a paraffin block of osteosarcoma biopsy material before chemotherapy and surgery was selected for immunohistochemical studies. The osteosarcoma specimens were intramedullary high-grade tumors and consisted of the following types: 32 osteoblastic osteosarcomas, 15 chondroblastic osteosarcomas, 6 anaplastic osteosarcomas, 2 fibroblastic osteosarcomas, and 1 telangiectatic and 1 small-cell osteosarcoma.
The patients underwent treatment between 1992 and 1999 at the Department of Orthopedics at the Vienna General Hospital. All patients were initially treated for primary tumors.
As controls, five specimens with bone remodeling sites were examined and comprised bone material close to areas with osteoarthritis.
Immunohistochemistry
Freshly cut serial sections were used for immunohistochemical staining for PDGF-AA and PDGF-␣ receptor, respectively, and corresponding sections were stained with hematoxylin and eosin.
Immunohistochemical studies were done on paraffin sections using a polyclonal rabbit antibody against human PDGF-AA (N-30, Santa Cruz Biotechnology, Santa Cruz, CA; 1:50) raised against a peptide corresponding to amino acids 182-211. After incubation at room temperature for 1 hour, the secondary biotinylated goat anti-rabbit IgG antibody (1:100) was applied for 30 minutes, followed by incubation with the avidin-biotin complex with alkaline phosphatase (ABC-AP Kit, Vector Laboratories, Burlingame, CA). The reaction was developed in the presence of fast red chromogen system (Coulter Immunotech, Marseille, France). The antibody used for the detection of PDGF-␣ receptor (C-20, Santa Cruz Biotechnology; 1:40) was a rabbit polyclonal antibody raised against a peptide corresponding to amino acids 1065-1084 mapping within the carboxy terminal domain of PDGF-␣ receptor. Sections were pretreated by microwaving in citrate buffer (pH 6.0) twice for 5 minutes each at 600W. The sections were then incubated with the antibody for 1 hour, followed by incubation with biotinylated goat anti-rabbit IgG as a secondary antibody (1:100). The procedure was completed as described above.
For both antibodies, nonspecific reactivity was assessed by omission of the primary antibody, and the specificity was confirmed in tumor sections as well as in control tissue by preabsorption of the antisera with blocking peptides supplied by the manufacturer. Equimolar concentrations of antibody and blocking peptides were incubated in 1% Tris-PBS for 1 hour at room temperature. Staining for PDGF-AA and for PDGF-␣ receptor was completely abolished by this procedure.
Immunoreactivity was assessed at high-power magnification in five to eight microscopic fields that showed maximum reactivity, and it was expressed as the percentage of positive cells per 500 tumor cells.
Statistical Analysis
The Kruskal-Wallis test, Mann-Whitney test, and Spearman's correlation coefficient were used as appropriate. Overall survival was defined as time from the day of primary surgery until the death of the patient. Data concerning patients who survived until the end of the observation period were censored at their last follow-up visit. Death from a cause other than osteosarcoma was considered as a censoring event. Disease-free survival was defined from the end of primary therapy until the first evidence of progression of disease. Mean values of PDGF-AA and PDGF-␣ receptor expression were used as cutoff levels for statistical survival analysis. Univariate analysis of overall survival and diseasefree survival was performed as outlined by Kaplan and Meier (12) . The Cox proportional hazards model was used for multivariate analysis.
A two-tailed P value of Յ.05 was considered significant. All statistical analysis was performed using the SPSS software (RE 10.0; SPSS, Inc., Chicago, IL).
RESULTS
Clinicopathological Data of Osteosarcoma Patients
The age of the 57 patients ranged from 6 to 65 years (mean, 21 y). Thirty-nine patients were under the age of 20 years. The peak incidence of osteosar-comas was registered in the second decade of life. Thirty-six patients were men, and 21 were women.
Four tumors were located in the pelvis, including 2 in the sacrum and 2 in the ilium. All other tumors were located in the extremities, including 28 in the femur, 18 in the tibia, 2 in the fibula, 4 in the humerus, and 1 in the intermediate cuneiform bone. The treatment consisted of preoperative multiagent chemotherapy according to two different protocols of the Cooperative Osteosarcoma Study trials (COSS 86c, n ϭ 24; COSS 96, n ϭ 32; 13), followed by surgical resection with wide resection margins in all cases. One patient did not receive preoperative chemotherapy.
At the time of surgery, 4 tumors were confined to bone, and 53 had invaded the adjacent soft tissue. The resected specimens were analyzed histologically for response to chemotherapy according to the criteria of Salzer-Kuntschik et al. (14) . This system is based on the proportion of viable tumor tissue evaluated on the cross-section of the tumor's largest diameter. Less than 10% of viable tumor tissue is considered a good response, whereas Ͼ10% of viable tumor cells indicates a nonresponder; 24 cases were classified as responders and 32 as nonresponders.
The duration of follow-up for survivors ranged from 3.5 months to 8.5 years (median, 3.4 y) from the date of surgery. During this period, 20 patients developed metastasis exclusively in the lung, and three patients had a local recurrence. Thirteen patients died of tumor progression. The 5-year survival rate was 65.16%, and mean overall survival time was 6.4 years (SD, 0.48).
Immunohistochemistry
In the control material, activated cuboidal osteoblasts of remodeling sites stained strongly for PDGF-AA and PDGF-␣ receptor, as already demonstrated in former studies (10, 11) . Immunohistochemistry allowed protein detection in the cyto-
In serial sections, a positive signal in the same cells was widely detectable (not shown).
Osteosarcoma cells stained for both antibodies with positive signals in different tumor cell types such as mononuclear tumor cells, bizarre giant cells, or cells of chondroid differentiated areas (Fig.  1) . PDGF-AA labeling ranged from 0 to 80% (mean, 21%; SD, 21.25%), and 7 osteosarcomas were completely negative. In 10 tumors, the protein expression was found only in one area; the other specimens showed a widely distributed positivity.
PDGF-␣ receptor staining also ranged from 0 to 80% (mean, 34%; SD, 25.41%), but only one osteosarcoma did not show a positive signal. This tumor was also PDGF-AA negative. The receptor expression was multifocal in all osteosarcomas.
As in control tissue, co-expression of both proteins was detectable in serial sections. Spearman's correlation coefficient (two-tailed) revealed a significant correlation between the expression of PDGF-AA and PDGF-␣ receptor (r ϭ 0.867, P Ͻ 0.001).
Correlation with Clinicopathological Data; Overall and Disease-Free Survival Analysis
No correlation was found between PDGF-AA and PDGF-␣ receptor expression and patient's age (Յ20 versus Ͼ20 years), gender, tumor extension based on Enneking's staging system (intracompartmental lesion versus extracompartmental lesion), location (upper extremities versus lower extremities versus trunk), and response to chemotherapy (responder versus non-responder; P Ͼ .05, Kruskal-Wallis and Mann-Whitney test, respectively) with the exception of a correlation between patient's age and PDGF-␣ receptor expression (P ϭ .039, MannWhitney test), which revealed higher protein expression in patients Ͼ20 years of age (mean; 47.50%) compared with patients who were Յ20 years of age (mean, 23%).
To examine the prognostic significance of PDGF-␣ receptor and PDGF-AA, the patients were divided into a group with high expression (PDGF-␣ receptor, Ͼ34%; PDGF-AA, Ͼ21%) and a group with low expression (PDGF-␣ receptor, Ͻ34%; PDGF-AA, Ͼ21%), based on the mean expression of these two proteins (see above). Univariate analysis revealed a significant shorter disease-free survival for patients with high PDGF-AA expression (P ϭ .0415, log-rank test). The 5-year disease-free survival rate was 21.22% in the group with high expression compared with 42.72% in the group with low expression (Fig.  2A) . For PDGF-␣ receptor expression, disease-free survival values failed to be statistically significant although a trend was obvious (P ϭ .0627, log-rank test; Fig. 2B ). Neither PDGF-AA nor PDGF-␣ receptor expression showed a significant influence on overall survival (P Ͼ .05, log-rank test), although the 5-year survival rate was 46.49% in the group with high PDGF-AA expression compared with 76.65% in the group with low expression, and mean overall survival time was 5 years (SD, 0.75) in the first group compared with 6.9 years (SD, 0.56) in the second group. Univariate analysis also revealed a significant shorter disease-free survival for patients with tumors located in the trunk compared with those who had tumors in the upper or lower extremities (P ϭ .0118, log-rank test).
In multivariate analysis of disease-free survival (Cox regression) comprising PDGF-AA expression, tumor location, tumor extension, and patient's age, Table 1 summarizes the results of univariate and multivariate analysis.
DISCUSSION
In this study, PDGF-AA and PDGF-␣ receptor expression was detected in a wide range of highly malignant human osteosarcomas, and the correlation between ligand and receptor was confirmed that had already been detected in our previous study in a smaller number of osteosarcoma specimens (11) . The coordinate expression of these proteins suggests a functional autocrine and/or paracrine stimulation loop that promotes tumor growth. Furthermore, we correlated the protein expression with disease-free and overall survival data to elucidate the significance of these proteins as prognostic marker for osteosarcoma patients. Tumor progression correlated with high PDGF-AA expression, and in multivariate analysis, PDGF-AA remained an independent prognostic marker.
These results suggest that PDGF-AA expression could be useful as a pretherapeutic marker of prognosis. Therefore, immunohistochemical evaluation of PDGF-AA expression in biopsy material before chemotherapy or surgical treatment would help to identify tumors with high metastatic capability. These patients could be treated individually with more aggressive regimes. On the other hand, the PDGF autocrine and/or paracrine stimulation loop might represent a novel therapeutic target itself by blocking the receptorligand interaction that inhibits receptor autophosphorylation, intracellular signal transduction, and finally the cellular effects of PDGF-AA. Different PDGF antagonists have already been developed, and the evaluation of their clinical effects in different animal models and in clinical trials is currently a main focus of many studies. In animal models, for example, the platelet-derived growth factor-binding molecule GFB-111 prevented receptor autophosphorylation, and GFB-111 treatment of nude mice bearing human tumors resulted in significant inhibition of tumor growth and angiogenesis (15) . Other designed molecules directly inhibit the tyrosine kinase receptor (16, 17) . Clinical studies comprised patients with hormone-refractory prostate cancer (18) as well as patients with solid tumors of different organs such as lung, colon, kidney, or soft tissue (19) . Tyrosine kinase inhibitor imatinib (STI571) caused tumor regression in a patient with metastatic gastrointestinal stromal tumor (20) , and the effect of this agent in patients with mesothelioma will be tested in a phase II trial (21) .
A question that cannot be answered by immunohistochemistry is related to molecular changes that might contribute to protein overexpression. Studies concentrating on this subject were mainly done on neural tissue. In anaplastic oligodendrogliomas (22) , for example, or in multiform glioblastomas (23) , an amplification of the PDGF-␣ gene was found contributing to overexpression of the protein. Especially in neural tumor tissue, the coordinate expression of PDGFs and PDGF-receptors is well documented (22) (23) (24) (25) , and higher PDGF-AA expression levels can be found in advanced neuroblastoma tumor stages (26) .
In one of our previous studies, we found high PDGF-AA and PDGF-␣ receptor expression in human chondrosarcomas compared with the case of benign enchondromas (27) . In contrast to the results of the present study, high PDGF-␣ receptor expression was associated with adverse outcome for chondrosarcoma patients. For osteosarcoma patients, high PDGF-␣ receptor expression only showed a trend towards tumor progression. This difference might be explained by the fact that PDGF-AA expression is physiologically downregulated in chondrocytes during bone formation, whereas osteoblasts express high levels of PDGF-AA in all stages of osteogenesis (10) . Therefore, receptor-ligand interaction might be more dependent on the PDGF-AA homodimer in osteoblasts, as it is in cartilage cells.
Growth factors play a potential role in tumor growth and progression. In osteosarcoma, the search for stimulating proteins that exert their function by binding to their receptors located on tumor cells is not limited to PDGFs. VEGF isoforms and their receptors have been demonstrated in human osteosarcoma in vivo, and detection of special isoforms have been found to be of prognostic value (4). Ligand and receptor co-expression for the hepatocyte growth factor and receptor have been demonstrated in human osteosarcomas, suggesting a paracrine or autocrine mechanism of growth stimulation (28) . Insulin-like growth factors have also been found to stimulate osteosarcoma growth by binding to their receptors in vivo and in vitro (29, 30) .
In summary, our study documents co-expression of PDGF-AA and PDGF-␣ receptor in human osteosarcoma cells, suggesting a functional autocrine and/or paracrine loop of growth stimulation. Furthermore, PDGF-AA expression is associated with tumor progression. Therefore, the immunohistochemical evaluation of the protein expression could be used as a prognostic parameter for osteosarcoma patients, and it may be considered as a target for novel therapeutic strategies. 
